Context. SS 433 is historically a well-known microquasar in the Galaxy that has been deeply studied during the four decades elapsed since its discovery. However, observations at very high radio frequencies with good angular resolution are still very scarce in the literature. The present paper tries to partially fill this gap using archival data of the source obtained with the Atacama Large Millimeter Array (ALMA). Aims. We aim to study the SS 433 jet properties at radio frequencies corresponding to millimetre wavelengths where the synchrotron emitting particles are expected to lose their energy much faster than at lower frequencies of centimetre wavelengths. Methods. We applied the methods of connected radio interferometry adapted to the ALMA spectral domain for data calibration and reduction. Afterwards, the resulting map was corrected for relativistic and geometric effects. While a detailed theoretical modelling was beyond our scope, we assessed the broad evolutive properties of the jet brightness profile in the context of a semi-analytic model. Results. A resolved view of the SS 433 radio core and jets is presented. In addition to spectral index and magnetic field measurements, we are able to estimate the age of the oldest visible ejecta still radiating significantly at millimetre wavelengths. By combining our findings with those of previous authors at lower frequencies, we confirm that the energy loss of the radiating electrons is dominated by adiabatic expansion instead of synchrotron radiative losses. In addition, we find suggestive evidence for the previously proposed period of slowed expansion within the first months of the ejecta flow, needed to simultaneously match the radiative lifetime observed in the centimetre domain. Our results argue for the need for future coordinated millimetre and centimetre interferometric observations with good time sampling throughout the SS 433 precessional cycle to better understand energetic processes in stellar relativistic jets.
Introduction
Object #433 in the Stephenson & Sanduleak (1977) catalogue (SS 433, also known as V1343 Aql) was discovered in the late 1970s as a very peculiar X-ray and radio star with moving emission lines in its optical spectrum (Clark & Murdin 1978; Margon et al. 1979) . The circumstances of its discovery and the building of the currently widely accepted precessing jet model were first reviewed in Margon (1984) . Other indepth reviews followed decades after (e.g. Fabrika 2004 ). Believed to be a unique object during the first years after its identification, today we understand SS 433 to be one of the most relevant members in the microquasar family of relativistic jet sources of stellar origin (Mirabel & Rodríguez 1999; Fender & Muñoz-Darias 2016) . This group also has remarkable implications in modern high energy astrophysics (Paredes 2005; Bordas et al. 2015; MAGIC Collaboration et al. 2018) . The number of SS 433-related references in the SIMBAD Astronomical Database amounts to nearly two thousand publications to date, and SS 433-dedicated books have even been published in the past (Clark 1986) .
While SS 433 has been deeply studied in almost the entire electromagnetic spectrum, observations in the millimetre domain are still not very abundant in the literature. Beyond simple flux density measurements (as in Band & Gordon 1989; Paredes et al. 2000) to molecular emission line studies of the environment (as in Lockman et al. 2007) , SS 433 has seldom been explored with high angular resolution and sensitivity at millimetre wavelengths. This is in contrast with the abundant centimetre observations, with different interferometers, where the collimated bipolar jets and their proper motions at about a quarter of the speed of light are clearly seen (Vermeulen et al. 1993; Paragi et al. 1999; Blundell et al. 2001; Blundell & Bowler 2004) .
In this paper we take advantage of the superb ALMA capabilities by analysing archival data of SS 433. Observing at radio frequencies well above 100 GHz allows us to sample the non-thermal emission of relativistic electrons higher in their energy power-law spectrum. In particular, here to investigate the properties of the intrinsic brightness of the SS 433 jets in this frequency regime for the first time and compare it with previous studies performed in the most traditional bands of radio astronomy (Roberts et al. 2010; Bell et al. 2011) . ALMA allows us to do so with excellent subarcsecond angular resolution rivaling A&A proofs: manuscript no. 33733corr that achieved by the preceding generation of connected interferometers. The instrumental set-up included four spectral windows within ALMA Band 6 centred at frequencies ν = 224, 226, 240, and 242 GHz. Each spectral window covered a ∆ν = 2 GHz bandwidth split into 64 channels. The corresponding central wavelengths were in the λ =1.24-1.34 mm range. Correlator products of XX-, YY-, and XY-type were sampled with an integration time of 2 s. A total of 31 antennas in the C34-7 configuration were available. This provided baselines between 42 and 1574 m, equivalent to 25 and 1200 kλ, respectively. This array set-up enabled observations with subarcsecond angular resolution and sensitivity to angular scales as large as ∼ 4 ′′ . Weather conditions were good and the system temperatures of most of the antennas used were not in excess of 100 K. The source J1751+0939 was observed as a bandpass and polarization calibrator, while J1832+0731, and occasionally J1830+0619, both within 10
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• of the target, were observed as phase calibrators. The flux density scale was tied to observations of the asteroid Pallas. Its accuracy in Band 6 is believed to be in the 5% -10% range. Calibration was conducted using the CASA 5.1.1-5 software package. All steps in the python scripts for calibration provided by the ALMA archive were run, and their result carefully scrutinized for improvement whenever possible by excluding bad visibilities not automatically flagged. The three calibrated measurement sets were finally concatenated into a single set using the CASA task concat for imaging.
The calibrated data were also exported into the AIPS software package of NRAO. The reason for that was to take advantage of the AIPS task DFTPL intended to easily generate light curves of stellar sources for radio photometry. The behaviour of flux density S ν as a function of time for the SS 433 central core is displayed in Fig. 1 . Flaring events with amplitude < ∼ 20 mJy are superposed onto an average value of about 80 mJy, and evolving on timescales of ∼ 10 min. The variable nature of SS 433 implies that self-calibration with a constant radio source model is not strictly correct. The mitigation of possible unwanted effects by subtracting a central component with time-dependent flux density is addressed in Sect. 5. The observed amplitude of variability was not dramatic most of the time (within 20%). Self-calibrating in phase and amplitude still worked in an acceptable way despite the variability issue, and improved the root-mean-square (rms) noise by nearly a factor of two in the Stokes I parameter. Maps deconvolved with the CLEAN algorithm were computed using both CASA and AIPS, yielding very similar results. The map shown in Fig. 2 was obtained using natural weight and, to our knowledge, it provides the first subarcsecond view of the microquasar jets at the 1.3 mm wavelength. Polarization maps were also obtained for Q and U Stokes parameters. However, linear polarization was only detected for the central core at a low 7σ level of ∼ 0.5%, which will not be discussed further in this work.
Measuring the SS 433 spectral index α (S ν ∝ ν α ) was attempted by averaging the first and second spectral window 1 Project Id. ADS/JAO.ALMA#2013.1.01369.S, PI K. Blundell. • 8 (see bottom right corner). The horizontal bar gives the angular scale, with north being up and east left. The jet kinematical model is overplotted in blue and red for approaching and receding material, respectively. Contour levels start at four times the rms noise of 32 µJy beam −1 and increase progressively by a factor of √ 2.
pairs, and creating maps at two slightly different frequencies (about 225 and 241 GHz, respectively). Given the proximity of the frequencies being combined, the resulting spectral index map is only reliable in the vicinity of the bright central core where a nearly flat spectrum radio core is clearly observed (α = −0.01 ± 0.01). Hints of steepening to negative, non-thermal values are present towards the jets where synchrotron emission is expected to become optically thin. Unfortunately, our limited frequency coverage does not allow us a more precise measurement of α along the fainter jet flow regions.
Kinematic model
The expected path of the SS 433 jets has been overplotted onto Fig. 2 for the date of the observation. The paths when the jet is approaching and receding from the observer are always shown in blue and red, respectively. The kinematic model used is based on the Hjellming & Johnston (1981) formalism updated with the precession parameters derived by Eikenberry et al. (2001) . Their values are based on 20 years of optical spectroscopy measuring the Doppler motion of the jet moving lines. We must note, however, that the zero-phase given by these authors actually corresponds to a precessional phase value of 0.33 because of a phase offset propagated in different papers. This phase origin issue apparently goes back to the years immediately after the discovery of SS 433. A warning about it can already be found in Section II of Margon et al. (1980) . In agreement with Fabrika (2004) , the adopted zero precessional phase in this paper corresponds to the Julian Day JD2443507. 47 (29.97 December 1977) . Nutation is not taken into account here for reasons of simplicity given that only one ALMA observing epoch is available. In addition, the induced angular displacements at ∼ 1 ′′ from the core are still hard to see at the ALMA angular resolution.
The precession axis position angle cannot be determined spectroscopically. We use the historical value of 100.
• 0 from the north to the east based on the Very Large Array observations by Hjellming & Johnston (1981) , whose angular resolution was closer to ours than other similar estimates from Very Long Baseline Interferometry (Stirling et al. 2002) . Moreover, we adopt here the canonical distance of 5.5 kpc (Lockman et al. 2007 ). We note that this value remains consistent with the still uncertain trigonometric parallax of SS 433 recently reported in the latest Gaia data release (Gaia Collaboration et al. 2016) , which implies a distance of 4.6 +1.9 −1.0 kpc (error quoted is ±1σ). The kinematic model is also used to calculate the ejection angles θ with the line of sight. These values are needed in Sect. 5 to compute the Doppler factor corrections for each jet segment.
Observed brightness profile
The observed profile is determined by exploring the FITS file of the interferometric map along the path given by the kinematic model. For each individual path position, we store the pixel values within a small radius (typically ≤ 2 pixel) and fit a least-squares plane to them. The fitted value is taken as the observed brightness level at this position. The uncertainty associated with it has three different contributions (Bell et al. 2011) : the rms noise level in the image (32 µJy beam −1 ), the overall calibration flux error (∼ 5% for ALMA), and the jet path position error estimated assuming a ±10% variation in the jet velocity. All these contribution are later added in quadrature.
The outcome of this procedure applied to the Fig. 2 is displayed in Fig. 3 . Any ALMA map is produced by photons emitted from different pieces of the jet that simultaneously reach the observer. Each of these pieces may be identified by its ejection age t age , which is the time elapsed in the reference frame of the core since the jet material was ejected. However, due to lighttravel effects, any of the pieces is seen as it was at an emission age τ that relates to t age according to
where β is the jet flow velocity in units of the speed of light c and θ is the local jet angle with the line of sight predicted by the kinematic model (see Appendix A in Roberts et al. (2010) for further details). The profile in Fig. 3 is given as a function of τ for both the east and west jets.
To be cautious and to avoid over-interpretation too close to our threshold in angular resolution, we constrain our analysis to features clearly separated from the central core by at least one synthesized beam up to its first sidelobe. In our case, this secondary feature in the ALMA point spread function has a 310 milliarcsecond (mas) radius with a response still at the 10% level. Both the half-power beam width of the synthesized beam and its first sidelobe location are indicated as vertical bars in Figure 3 and other similar plots in this work. Thus, we consider that a reliable analysis of the jet brightness profile with ALMA is feasible for emission ages older than about 40 days.
Intrinsic brightness profile
Here we adapt the prescription developed in Roberts et al. (2010) and Bell et al. (2011) to transform the observed brightness profile of the SS 433 jets into the intrinsic profile corrected for projection and Doppler boosting effects. Instead of a circular synthesized beam, an elliptical Gaussian shape is considered for slightly better accuracy with b maj , b min , and PA being its major axis, minor axis, and position angle, respectively. The correction factor needs to be computed for each sky position (x i , y i ) along the jet path consisting of i = 1, ..., N segments or steps. Its value results from the position average of the Doppler factor D n−α i = 1/Γ(1 − β cos θ i ) (n−α) weighted by the synthesized beam of the interferometer. As usual, the Lorentz factor is Γ = 1/ 1 − β 2 , and we adopt n = 2 corresponding to a continuous jet flow. For the spectral index, we use the average value α = −0.74 for the extended jets taken from Bell et al. (2011) as we cannot measure it directly beyond the SS 433 core.
Let the angular separation between the i-th sky position and any other jet segment be ∆x j = x j − x i and ∆y j = y j − y i , where j also runs from 1 to N. By performing a rotation towards the main axes of the Gaussian, the i-th angular offsets become ∆x ′ j = cos (PA)∆x j − sin (PA)∆y j , ∆y ′ j = sin (PA)∆x j + cos (PA)∆y j . The multiplicative correction factor is then
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where the factor C 0 stands for normalization to unity at the core origin. In practice, the summation is extended up to ejection ages of 500 d, which is a safe limit in our case to ensure that all relevant terms are included. The result of numerically evaluating Eq. 2 using the jet geometry of the ALMA observing date is shown in Fig. 4 . The factor 1/C i to be applied to the observed brightness profile is plotted for the east and west jet sides.
Before applying the correction, the SS 433 central compact nucleus needs to be removed from the Fig. 3 data since our analysis is not meaningful below our angular resolution limits. We have applied two different methods for this purpose. First, we removed from the visibility, in the Fourier plane, a variable point source at the SS 433 core position. Its flux density was interpolated between the points of Fig. 1 using an AIPS custom task. The result is shown in Fig. 5 . Second, we removed, also in the Fourier plane, the brightest clean components closer than the first sidelobe of the synthesized beam from the central SS 433 position. The AIPS task UVSUB was used to perform this procedure. The result is shown in Fig. 6 . In both cases the result is very similar for ages older than ∼ 40 d. The application of the Eq. 2 correction factors renders the intrinsic brightness profiles of both jets consistent with being symmetrical, even at millimetre wavelengths.
Discussion
The consistence with a symmetric jet brightness profile, evidenced in Figs. 5 and 6 after correcting for projection and beaming effects, confirms the previous similar findings at centimetre wavelengths in Bell et al. (2011) . Symmetry, however, does not mean that the jet brightness profile follows a smooth decay. Although we cannot perform true evolutionary studies, because only one ALMA observing epoch is available, we do have some information about the brightness profile as a function of the emission age at the epoch of observation. Beyond our τ > ∼ 40 d threshold, the two profiles in Figs. 5 and 6 show a slightly increasing trend for 55 d < ∼ τ < ∼ 85 d. This behaviour is preceded and followed by intervals of brightness de- cay for 45 d < ∼ τ < ∼ 55 d and 85 d < ∼ τ < ∼ 120 d, respectively. Decline, levelling-of,f and decline again is a pattern already observed in the SS 433 jets at centimetre wavelengths, as mentioned in Roberts et al. (2010) . The flattening of the decay curve may reflect the effects of previous variability in the core, whose modelling would require some assumptions on the variable power injection. On the other hand, the decaying sections are more likely related to ageing of the ejected radiating particles. Assuming that the radio emission is of synchrotron origin, the lifetime τ s of a relativistic electron energetic enough to radiate at an ALMA frequency ν under the effects of a magnetic field B is given by τ s = 69.4 yr B 10 mG
This equation is adapted to the mean frequency (233 GHz) of all our ALMA bands. A first estimate of the magnetic field can be obtained from equipartition arguments using the formalism described in Pacholczyk (1970) . The deconvolved angular size of the flat-spectrum radio core in Fig. 2 is about 60 × 40 mas 2 . The SS 433 average flux density at the central ALMA frequency of 233 GHz was about 88 mJy. This is within a factor of < ∼ 2 from the quiescent emission level S ν = 1.23 Jy(ν/GHz) −0.6±0.02 estimated by Seaquist et al. (1982) . The resulting equipartition field is then 30 mG.
The radiative lifetime of electrons given by Eq. 3 is then longer than a decade, while the jet emission in our ALMA map reaching angular scales up to 1.
′′ 5 does not exceed an age of about 100 d. Therefore, synchrotron energy losses do not seem to play a dominant role, and the faster decay of ALMA emission suggests that another mechanism is at work.
At this point, expansion losses come as a plausible alternative to explain the overall brightness decay of the SS 433 jets, as already proposed many years ago in the conical symmetric jet models of radio emitting X-ray binaries developed by Hjellming & Johnston (1988) . Of course, we are excluding eventual brightness enhancement episodes due to the core variability which are beyond the scope of the qualitative assessment intended here. The semi-analytic Hjellming & Johnston (1988) model considers that jet plasma is injected with bulk velocity v at a distance z 0 from the core, being r 0 the jet radius at this point. Relativistic effects are not properly addressed in the context of this model, but being SS 433 a mildly relativistic system this is not a serious drawback for a first-order analysis. In particular, the original model equations use a Newtonian time t, equivalent to our t age variable, whose difference with τ is neglected for simple estimative purposes. Moreover, the jet is assumed to expand adiabatically in the lateral direction according to r = r 0 (z/z 0 ) p , where z is the distance from the core and p a power-law index that parametrizes the expansion rate. Free expansion is achieved when p = 1, while p < 1 provides slowed lateral expansion. We also have z = z 0 (t/t 0 ), where t 0 = z 0 /v is an arbitrary reference time. Assuming flux conservation, the dominant magnetic field component is the one perpendicular to the jet axis, scaling as B = B 0 (r/r 0 ) −1 = B 0 (z/z 0 ) −p . For simplicity, the helical structure of the SS 433 jets is deliberately ignored.
To estimate whether the jet extent, as a function of frequency, agrees or not with adiabatic expansion dominating over radiative losses under the above assumptions, we rewrite the optically thin brightness profile given in Eq. (14) of Hjellming & Johnston (1988) as
.
This approximation is appropriate at large distances from the central source where the jet optical depth is expected to drop well below unity. Here S ν is the local jet flux density in this optically thin regime of synchrotron emission. We also define the radio spectral index α as S ν ∝ ν α . From synchrotron theory (Pacholczyk 1970 ) α = (1 − γ)/2, where γ is the power-law index of the energy distribution of relativistic electrons. On the other hand, the constant δ is equal to 0 or 1, equivalent to the representative cases of free and slowed expansion (with p = 1 or p = 1/2, respectively).
At our average ALMA frequency (ν 1 ≃ 233 GHz), the oldest ejecta visible (4σ level) has an age t 1 ≃ 90 d and has travelled as far away as z 1 /D ≃1.
′′ 5. How does this compare with observations at lower frequencies? Let us assume that we can sample the jet up to some minimum threshold values (dS ν 1 /dz) min and (dS ν 2 /dz) min , both dependent on instrumental sensitivity. Considering Eq. 4 for two frequencies to be compared (here ν 2 < ν 1 ), and taking their equation ratio, we obtain
The ratio of minimum profile values, both at the same significance level, is in the same proportion as the quotient of the respective rms noises in the different frequency maps. Here we are comparing our ALMA observations with the Bell et al. (2011) and Roberts et al. (2010) VLA maps at centimetre wavelengths (C-band, ν 2 = 5 GHz). The corresponding rms noise values are 32, 40, and 13 µJy beam −1 . Scaling by the different beam solid angles, these numbers are equivalent to 1332, 357, and 75 µJy arcsecond −2 , respectively. The optically thin spectral index is taken as α = −0.74 from the same multi-frequency data of Bell et al. (2011) ; hence γ = 2.48. Now we can tentatively explore different options with the values stated above. If the jet expansion proceeds in a slowed way (δ = 1), Eq. 5 predicts that the two C-band observations with the VLA should reveal the jets up to t 2 ≃ 1900 d and ∼ 6000 d, that is, more than 5 and 16 years after ejection (z 2 /D ≃ 15 ′′ -45 ′′ ). Clearly this is hard to reconcile with the Bell et al. (2011) and Roberts et al. (2010) images where the oldest ejecta is about 500 d and 800 d, or 1.4 and 2.2 years old, extending over only a few arcseconds. We recall here that Hjellming & Johnston (1988) pointed out the possibility that jet expansion could transition from a slowed to a free stage some time after ejection. A difference in the ambient conditions could be a conceivable physical reason behind this change. Intuitively, faster free expansion enhances the adiabatic energy losses of the radiating electrons, thus leading to an earlier brightness decay compared to slowed expansion. To quantify this effect, let t slow be the maximum duration of the slowed expansion phase. Beyond z slow = vt slow , or t ≥ t slow , the jet profile evolution given by Eq. 4 must begin to evolve with a δ = 0 behaviour. The corresponding expression that ensures continuity is dS ν dz = constants × ν 
Now if the terminal visible ejecta at frequencies ν 1 and ν 2 are under the regimes of Eqs. 4 and 6, and we take their ratio again,
